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ABSTRACT

This study investigates the future change in precipitation associated with extratropical cyclones over
eastern North America and the western Atlantic during the cool season (November-March) through the
twenty-first century. A cyclone-relative approach is applied to 10 models from phase 5 of the Coupled Model
Intercomparison Project (CMIP5) in order to isolate precipitation changes for different cyclone intensities
and storm life cycle, as well as determine the relevant physical processes associated with these changes. The
historical analysis suggests that models with better performance in predicting extratropical cyclones tend to
have smaller precipitation errors, and the ensemble mean has a smaller mean absolute error than the indi-
vidual models. By the late-twenty-first century, the precipitation amount associated with cyclones increases by
5%-25% over the U.S. East Coast, with about 90% of the increase from the relatively strong (<990 hPa) and
moderate (990-1005 hPa) cyclones. Meanwhile, the precipitation rate increases by 15%-25% over the U.S.
East Coast for the strong cyclone centers, which is larger than the moderate and weak cyclones. The relatively
strong cyclones just inland of the U.S. East Coast have the largest increase (~30%) in precipitation rate, since
these centers over land have the largest increase in low-level temperature (and moisture), a decrease (5%—
13%) in the static stability, and an increase (~5% ) in upward motion during the late-twenty-first century. This
east coast region also has an increase in cyclone intensity in the future even though there is a decrease in low-
level baroclinicity, which suggests that the latent heat release from heavier precipitation contributes to this
storm deepening.

1. Introduction cyclones during the next several decades and the under-
lying mechanisms responsible for these changes.

a. Background The expected precipitation change from recent past

Extratropical cyclones along the east coast of North
America play an important role in the daily weather and
regional climate. These cyclones contribute over 80% of
the total cool-season precipitation over much of eastern
North America (Hawcroft et al. 2012) and 93%-100% of
extreme precipitation during the winter over the north-
eastern United States (Agel et al. 2015). They are also
associated with inland flooding (Colle 2003), storm surge
(Colle et al. 2008; Colle et al. 2015), and heavy snow
(Novak et al. 2008; Picca et al. 2014), which have major
environmental, economic, and societal impacts over this
heavily populated region. Thus, it is important to under-
stand how precipitation will change with extratropical
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decades into the later twenty-first century varies signifi-
cantly in space and time. There is a decrease of precipi-
tation in the subtropics and tropics outside of the monsoon
trough through the twentieth century, while there is a large
increase at mid- and high-latitude land areas, especially
over North America and Eurasia (Trenberth 2011). In
phase 5 of the Coupled Model Intercomparison Project
(CMIP5; Taylor et al. 2012) simulations using the repre-
sentative concentration pathway 8.5 scenario (RCP8.5),
precipitation in the mid- and late-twenty-first century de-
creases over the Mediterranean Sea, Caribbean Sea,
southwestern United States, and much of the subtropical
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ocean, while it increases over the equatorial Pacific and
Indian Oceans, with the largest percentage increase over
the high-latitude continent during the cool season [[PCC
Fifth Assessment Report (ARS5); Knutti and Sedlacek
2013; Chadwick et al. 2013; Lau et al. 2013]. Over eastern
North America, the average precipitation amount in-
creases 0.5-1.0mm day ' (~20%), with a high model
agreement during 2070-99 winters (Maloney et al. 2014).

In a warming climate, water vapor is projected to
increase with the temperature following the Clausius—
Clapeyron (CC) relationship, resulting in an approximate
7% increase of water vapor for each 1 K of warming in the
lower troposphere (Held and Soden 2006). However, the
simulated global mean precipitation only increases by
1%-3% for each 1K of global surface temperature
warming because of the variations in the atmospheric
circulation and energy balance (radiative forcing; Allen
and Ingram 2002; Held and Soden 2006; Vecchi and
Soden 2007; Stephens and Ellis 2008; O’Gorman et al.
2012), which in turn impacts the strength of the vertical
motion and thermodynamic stability. Seager et al. (2010)
demonstrated that under global warming the hydrological
cycle [precipitation minus evaporation (P — E)] results in
wet areas getting wetter (the ITCZ and mid-to-high lati-
tudes) and dry areas getting drier (the subtropical dry
zones). The wetter areas are enhanced by the specific
humidity increase and offset to some extent by the slow-
down of tropical circulation and expansion of the Hadley
cell in the subtropics, while drying in the subtropics and
precipitation increases at higher latitudes are amplified
by the moisture transport by transient eddies (Seager
et al. 2010).

The energy balance has a weaker constraint on the
response of short-term heavy precipitation over high
latitudes (Allan and Soden 2008). Increases in heavy
precipitation are expected to be closer to the water va-
por response of about 7% K~ ! than the global-mean
precipitation increase (Allen and Ingram 2002; Emori
and Brown 2005). The future increase of heavy pre-
cipitation over many mid- and high-latitude continental
regions in the Northern Hemisphere is larger than the
mean increase (Scoccimarro et al. 2013), thus shifting
the distribution of precipitation intensity toward heavier
amounts. Maloney et al. (2014) found that most of
the increased precipitation over eastern North America
comes from more intense precipitation events. Lombardo
et al. (2015) indicates a similar shift toward more fre-
quent extreme precipitation events over the east coast of
North America.

Many studies have shown a decrease in the number of
the extratropical cyclones over North America and the
North Atlantic (Chang 2013; Zappa et al. 2013; Colle
et al. 2013). Meanwhile, increases in cyclone intensity
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are found in some regional areas. Colle et al. (2013)
found 10%-40% more intense (<980 hPa) cyclones and
20%-40% more rapid deepening rates just inland of the
U.S. East Coast in the RCP8.5 experiments from se-
lected CMIP5 models that perform best in simulating
extratropical cyclones. Although there is a decrease in
the total number of extratropical cyclones, there is no
significant change in the number of wind speed extremes
over the North Atlantic, and the precipitation associated
with cyclones shows a shift toward heavier precipitation
(Watterson 2006; Bengtsson et al. 2009; Zappa et al.
2013). Using a cyclone/noncyclone day approach for the
19792004 and 2009-98 cool seasons, Lombardo et al.
(2015) illustrated that over the U.S. East Coast land
there is a 12% increase in precipitation amount for all
cyclone days, even though the number of cyclone days
decreases through the twenty-first century, which was
interpreted as a shift toward more frequent heavy
precipitation events. Using high-resolution WRF simu-
lations, Marciano et al. (2015) showed that the area-
averaged precipitation around storm centers increases
by about 33% in extratropical cyclones along the U.S.
East Coast by the end of the twenty-first century.

b. Motivation

Several studies have indicated that precipitation will
increase during the twenty-first century over the U.S.
East Coast, but only a handful of studies (Marciano et al.
2015; Lombardo et al. 2015) have related these changes
to extratropical cyclone changes over this region.
Lombardo et al. (2015) investigated the future pre-
cipitation change during cyclone days, which were de-
fined as days when a cyclone center was located within
the U.S. East Coast domain. However, the spatial dis-
tribution of the precipitation change and the related
physical processes within the cyclone system were not
explored. This is best done using a cyclone-relative ap-
proach, but there have been limited studies using this
approach to look at future changes in cyclones and
precipitation. Marciano et al. (2015) used the pseudo—
global warming (PGW) technique in their WRF future
simulations to examine the future precipitation changes
for extratropical cyclone cases using a cyclone-relative
approach. Marciano et al. (2015) focused on 10 strongly
developed “Miller-A” extratropical cyclones along the
east coast. However, the future precipitation change for
the other (weaker) cyclones is not clear.

Our study examines the future precipitation change
due to extratropical cyclones during the twenty-first
century, comparing the precipitation change for cyclones
of different intensities and for different subregions over
eastern North America and the western Atlantic. This
study also explores the possible mechanisms for these
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TABLE 1. The 10 CMIP5 models used in this study and their attributes. (Acronym expansions are available online at http://www.ametsoc.

org/PubsAcronymlList.)
Horizontal resolution  No. of model
Model Center (lon X lat) levels Reference

CCSM4 National Center for Atmospheric Re- 1.25° X 0.94° 26 Gent et al. (2011)
search, United States

MRI-CGCM3 Meteorological Research Institute, Japan 1.125° X 1.12° 48 Yukimoto et al. (2012)

CNRM-CM5.1 Centre National de Recherches Météor- 1.4° X 1.4° 31 Michou et al. (2011)
ologiques, France

HadGEM2-CC Met Office Hadley Centre, United King- 1.875° X 1.25° 60 Jones et al. (2011)
dom (chemistry-coupled version)

INM-CM4.0 Institute of Numerical Mathematics, 2.0° X 1.5° 21 Volodin et al. (2010)
Russia

IPSL-CM5A-MR L’Institut Pierre-Simon Laplace, France 2.50° X 1.25° 39 Dufresne et al. (2013)

MPI-ESM-LR Max Planck Institute for Meteorology, 1.9° X 1.9° 47 Zanchettin et al. (2013)
Germany

GFDL-ESM2M NOAA/Geophysical Fluid Dynamics 2.5° X 2.0° 24 Donner et al. (2011)
Laboratory, United States

IPSL-CM5A-LR L’Institut Pierre-Simon Laplace, France 3.75° X 1.8° 39 Dufresne et al. (2013)

MIROC-ESM-CHEM  Japan Agency for Marine-Earth Science 2.8° X 2.8 80 Watanabe et al. (2011)

and Technology, Japan

future precipitation changes. A cyclone-relative approach
is employed to extract the precipitation associated with
individual cyclone centers as well as the related fields
impacting precipitation and cyclone development. In
summary, this study will address the following questions:

o How will the cyclone-relative precipitation change
over eastern North America and the western Atlantic
through the twenty-first century?

o How will the precipitation change for the cyclone
centers of different intensity and in different regions?

o Which physical processes are responsible for the pre-
cipitation changes in the region surrounding the cyclone?

o How will the cyclone-relative extreme precipitation
change in relation to any changes in the cyclone intensity?

The data and methodology used in this study are de-
scribed in section 2. Section 3 discusses the results of the
cyclone-relative precipitation analyses. First, the model
performance is evaluated in section 3a. Then, the overall
precipitation changes over eastern North America and the
western Atlantic are explored in section 3b. After that, the
precipitation changes associated with cyclone centers in
different subregions and of different intensity are com-
pared in section 3c, and the related physical processes are
investigated in section 3d. Section 3e provides a closer
look at the future changes of precipitation extreme events.
Conclusions and discussion are presented in section 4.

2. Data and methods

For the historical (1979-2004) and future (2009-98)
periods, 10 CMIP5 models (Table 1) were used. We
chose these 10 models in order to maximize the overlap
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with the 15 models used in Colle et al. (2013), although
some models were not included because of their data
availability. The future (RCP8.5) experiments were
forced by enhanced greenhouse gas emissions, raising
the radiative forcing pathway to 8.5 W m ™2 by the end of
the twenty-first century. Following Colle et al. (2013),
we focused on the cool season from 1 November to
31 March and compared three future periods: early-
(2009-38), mid- (2039-68), and late- (2069-98) twenty-
first century. The historical period is used as a baseline to
quantify the changes through the twenty-first century.

To evaluate the performance of those CMIP5 models
in terms of precipitation, we compared the models’ his-
torical, seasonal-mean (1979-2004) precipitation with two
monthly mean precipitation products at 2.5° X 2.5° reso-
lution, the Global Precipitation Climate Project (GPCP;
Adler et al. 2003) and the Climate Prediction Center
(CPC) Merged Analysis of Precipitation (CMAP; Xie and
Arkin 1997). The GPCP data combined precipitation in-
formation available from several different sources, such as
surface precipitation gauges and satellite. The CMAP data
were obtained only from satellite estimates.

Following Colle et al. (2013), 6-hourly mean sea level
pressure (MSLP) was used to track cyclones using the
scheme developed by Hodges (1994, 1995), and only
cyclones existing at least 24h and moving at least
1000 km are retained for analysis. The minimum MSLP
of the cyclone center was used as the index of cyclone
intensity. The corresponding daily precipitation, air
temperature, relative humidity, wind speed, and vertical
motion (omega) at the surface and a few pressure levels
were used to relate the precipitation changes to various
physical processes. The 10 CMIP5 models have different
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FIG. 1. The CMIP5 mean composite of cyclone-relative pre-
cipitation (colors; mm day ") and SLP (black contours; hPa) for
the cyclone centers within ECL region during 1979-2004 cool
seasons. The dashed blue contours are the spread (std dev;
mm day ') of the models. The black dot is the cyclone center. The
red box is the cyclone-relative box used to calculate the cyclone-
relative precipitation over geophysical map. The small black box is
used to calculate the mean precipitation for each cyclone center.

horizontal resolutions varying from 1.25° X 0.94° to
2.8° X 2.8°. Thus, we first interpolate all model data to a
common 1° X 1° longitude-latitude grid.

A cyclone-relative approach is applied as in other
studies (Chang and Song 2006; Field and Wood 2007;
Naud et al. 2012, 2013; Marciano et al. 2015; Tamarin
and Kaspi 2016). Using the cyclone data (the time,
longitude, and latitude for each cyclone center), we first
locate the cyclone center on the map and then define a
4000 X 4000km” cyclone-relative box around the cy-
clone center. The cyclone center is used as the origin for
the new cyclone-relative x—y coordinate. A bilinear in-
terpolation is utilized to convert the model data from the
common geographic 1° X 1° longitude-latitude grid to
the cyclone-relative 100 X 100km? grid. The fields
within the cyclone-relative box are stored for each
storm, model, and time period. The cyclone-relative
fields can be used to calculate the cyclone-related com-
posite (average) fields on the cyclone coordinate, shar-
ing the same cyclone center and overlapping the
cyclone-relative fields. This composite approach can
reproduce the amplitude and structure of the important
fields around the cyclone center for a particular cyclone
intensity category or over a particular region. Figure 1
shows the CMIP5 composite average of cyclone-relative
precipitation and SLP for all cyclone centers passing
within the ECL region during the historical (1979-2004)
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FIG. 2. The three domains used in this study: ECL, ECW, and WA.

cool seasons, in which the maximum precipitation is about
12.5mmday ' and the spread is 0.4-1.2mmday .

The cyclone-relative fields can be placed back onto
the geographic map according to their original positions
in order to create a geospatial-relative composite on the
map, highlighting those relevant structures associated
with cyclones. Since the cyclone data are 6-hourly (four
cyclone centers at 0000, 0600, 1200, and 1800 UTC in
each day), we converted the daily precipitation into
four, equivalent, 6-hourly precipitation fields. Then we
defined a 3000 X 3000 km? cyclone-relative box (the red
box in Fig. 1) for each cyclone center on the 6-hourly
precipitation field. The precipitation within the cyclone-
relative box was counted as cyclone-relative precipita-
tion, and the sum of the cyclone-relative precipitation
in a cool season was defined as the cyclone-relative
precipitation amount of that cool season (mm season ).
The cyclone-relative precipitation rate (mmday ') equals
the cyclone-relative precipitation amount in a cool season
divided by the cyclone frequency, which is the number of
times a grid is covered by a cyclone-relative box in that
cool season. The sensitivity of the results to the size of the
cyclone-relative box was tested using a smaller box 2000 X
2000km?, and the contribution of cyclone-relative pre-
cipitation to total amount decreases slightly (5%-17%),
but there is no significant impact on our main conclusions
regarding future changes.

In this study, cyclone centers were categorized based
on the region and storm intensity. Following Colle et al.
(2013), we used three regional domains over eastern
North America and the western North Atlantic, as
shown in Fig. 2: east coast land (ECL), east coast water
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(ECW), and the western Atlantic (WA). The stronger
cyclone centers tend to have larger precipitation rate
since the precipitation rate is highly correlated with cy-
clone strength and available moisture (Field and Wood
2007; Pfahl and Sprenger 2016). Therefore, the cyclone
centers were also categorized based on their intensity:
strong (<990 hPa, S-Center), moderate (990-1005 hPa,
M-Center), and weak center (>1005hPa, W-Center)
cyclones for the historical and future periods. Those
thresholds were selected to make sure that we have enough
cases for each category. For example, if we use <985hPa
to define the S-Center cyclone, in some models the sample
size of S-Center cyclone within the ECL region will be too
small, and the related future changes of precipitation may
be dominated by a few extreme strong cases.

3. Results
a. Model evaluation

The performance of the 10 CMIP5 models used in
this study was evaluated in terms of seasonal-mean

Brought to you

percentage of the difference (contours; %).

precipitation over eastern North America and the west-
ern Atlantic with respect to the average of the GPCP
and CMAP precipitation (GPCP-CMAP). The seasonal
precipitation amount for the ensemble mean of all
models (CMIP5 mean) during the historical period has a
maximum (over 1000 mm per cool season) over the east
side of the western Atlantic storm track from 35° to 40°N,
which is similar to GPCP and CMAP (Figs. 3a—). The
models have the largest spread of about 150 mm per cool
season near the precipitation maximum (Fig. 3¢). Com-
paring with the GPCP-CMAP, the CMIP5 mean un-
derestimates the precipitation amount by about 10%
along the storm track and the precipitation amount by
about 20% over the north side of the Gulf of Mexico
(Fig. 3d). Meanwhile, the CMIP5 mean overestimates the
precipitation over the U.S. East Coast, especially near the
storm-track entrance region along the southeastern U.S.
coast (>20%). The individual models have larger bias
than the ensemble mean. This is consistent with some
other studies (Catto et al. 2010, 2015; Hawcroft et al.
2016) that suggest the climate models have limitations in
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TABLE 2. The MAE and normalized MAE of historical (1979-2004) cool seasonal-mean precipitation amount over eastern North
America and the western North Atlantic region (ECL + ECW + WA) with respect to the mean of GPCP and CMAP for individual

CMIP5 models and the ensemble mean of CMIP5. The models in italics are the models that have relatively better performance in the

cyclone simulation in Colle et al. (2013).

Mean precipitation

GPCP-CMAP MAE GPCP-CMAP normalized

(mm season ') (mm season ') MAE (%)
GFDL-ESM2M 559.2 53.3 11.1
CCSM4 547.0 71.0 13.7
CNRM-CM5 579.4 75.4 154
MPI-ESM-LR 550.8 85.8 185
MRI-CGCM3 546.7 8.9 18.9
IPSL-CM5A-LR 510.7 93.1 19.0
MIROC-ESM-CHEM 540.8 103.4 19.6
INM-CM4.0 583.3 90.9 20.4
IPSL-CM5A-MR 517.5 106.6 223
HadGEM2-CC 632.9 119.2 23.0
CMIP5 557.3 482 9.5

simulating the precipitation associated with extratropical
cyclones.

The performance of the individual models and the
multimodel ensemble mean was quantified using GPCP-
CMAP to obtain the mean absolute error (MAE;
Table 2). The normalized MAE was calculated as well,
normalized by GPCP-CMAP at each grid, describing the
percentage error between the model and GPCP-CMAP.
Lombardo et al. (2015) evaluated the cool-season pre-
cipitation in select CMIP5 models over the U.S. East
Coast domain, which covers only a part of the storm
track and precipitation maximum region. In our study,
we quantified the model performance within a larger
eastern North America and the western North Atlantic
domain (ECL + ECW + WA), which covers the major
part of the storm track as well as the precipitation
maximum. The results provided an overall estimate of
the precipitation error along the storm track over this
region. The mean precipitation for this large domain
is 540mm per cool season for GPCP-CMAP. Our
10-member CMIP5 ensemble has smaller average error
(MAE of ~48 mm per cool season and the normalized
MAE of 9.5%) than each of the 10 models. Generally,
the models with better cyclone historical predictions
(CCSM4, CNRM-CMS, MPI-ESM-LR, and MRI-
CGCM3), as obtained by Colle et al. (2013), tend to
have smaller MAEs for the precipitation amount. How-
ever, there are exceptions, such as HaddGEM2-CC, which
has a relatively good cyclone performance but produces
too much precipitation (~20%) along the storm track.
The low-resolution (2.0° X 2.5°) GFDL-ESM2M has the
smallest MAE in precipitation amount, although it un-
derestimates the cyclone frequency and intensity (Colle
et al. 2013). We found that the cyclones in this model
move slower (~42kmh™") than the other nine models
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(~49kmh ™! for the mean of the 10 models); thus, more
precipitation along each cyclone track likely compensates
for the general cyclone underprediction. These results are
different than Lombardo et al. (2015), who found that the
precipitation performance of CMIP5 models in the east
coast domain is less dependent on the performance of
extratropical cyclone simulations. Their results may be
more sensitive to the eastern boundary of their relatively
small east coast domain, which is at the middle of storm
track and the strong gradient of precipitation amount.
Thus, a small shift of the storm track or the precipitation
maximum may impact their results.

The individual models have large, normalized MAEs
(11%-23%) over the large domain (ECL + ECW +
WA), but the relatively small normalized MAE for the
ensemble mean (9.5%) provides some confidence in
examining the future precipitation changes.

b. Cyclone-relative precipitation over eastern North
America and the western Atlantic

The overall future changes of cyclone-relative pre-
cipitation over eastern North America and the western
Atlantic are explored in this section. The total cyclone-
relative precipitation amount depends on two factors:
the frequency of cyclones with precipitation impacting a
given region and the precipitation rate for each cyclone
center. Over eastern North America and the western
North Atlantic, there are three center density maxima
for the CMIP5 ensemble mean for all historical cyclones:
around the Great Lakes, along the U.S. East Coast, and
over the southeast of Greenland (Fig. 4a). Similar to the
ensemble mean of the 15 CMIP5 models in Colle et al.
(2013), the models reproduced the storm track success-
fully, but the mean track is shifted too close to the coast
compared to the results of the Climate Forecast System
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FIG. 4. (a)-(d) The historical (1979-2004) mean cyclone center density (colors; number of cyclone centers per 50 000 km? per cool
season); the contours in (a) are the models spread, and the contours in (b)-d) are the contribution (%) to the total density. (e)—(h) The
historical-mean cyclone-relative precipitation amount (colors; mm season ') and the contribution (contours; %) to the total precipitation
amount. (i)=(1) The historical-mean, cyclone-relative precipitation rate (colors; mm day ') and the model spread (contours; mm day ).

(left)—(right) The results for all and S-, M-, and W-Center cyclones for the CMIP5 mean.

Reanalysis (CFSR). The precipitation amount associ-
ated with those cyclone centers (the precipitation within
the red box in Fig. 1) contributes from 50% to 60% at
relatively lower latitude (~25°N) to over 90% at rela-
tively higher latitude (>40°N) to the total precipitation
amount (contours in Fig. 4e), which is consistent with
previous studies (Hawcroft et al. 2012; Agel et al. 2015).
The cyclone-relative precipitation rate, which is normal-
ized to each cyclone center, is maximized (>8 mm day ')
over the western North Atlantic close to the coast be-
tween 33° and 40°N (Fig. 4i), with the largest standard
deviation (>1mmday ') over the same region. The
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cyclone center density (Figs. 4b—-d) and precipitation
amount (Figs. 4f-h) for S-Center, M-Center, and
W-Center cyclones have the largest values over high
(>50°N), middle (40°-50°N), and low (<40°N) latitudes,
respectively. This distribution is likely the result of
storms increasing in intensity as they move from south-
west to northeast over the western Atlantic. The area
of highest density for a W-Center cyclone is a climato-
logically favorable region for cyclogenesis given the
presence of strong baroclinicity (e.g., Gulf Stream). In
contrast with the precipitation amount, the cyclone-
relative precipitation rate normalized for each cyclone
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FIG. 5. As in Fig. 4, but for the future changes in late-twenty-first century (2069-98), and the contours are the percentage (%)
of the changes.

center has a similar spatial distribution (maxima between
30° and 40°N) for S-Center, M-Center, and W-Center
cyclones (Figs. 4j-1). The region along the Gulf Stream
boundary has strong, low-level baroclinicity and mois-
ture availability, which can enhance the rates as the cy-
clone develops.

The future change in cyclone density and cyclone-
relative precipitation was calculated for three future
cool seasons: 2009-38, 2039-68, and 2069-98. The pre-
cipitation change is most pronounced during the late-
twenty-first century, and thus we only show and discuss
the results for the later twenty-first century (Fig. 5).
During the late-twenty-first century, there is a decrease
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in cyclone center density over most areas of eastern
North America and the western North Atlantic, and the
largest decrease (10%-20%) is over the western North
Atlantic (Fig. 5a). However, along the U.S. East Coast
there is very little change or a slight increase (5%-10%)
just inland of the coast (much of ECL region), as also
shown in Colle et al. (2013). Most of this increase for the
ECL originates from the S-Center and M-Center cy-
clones (Figs. Sa—d). Meanwhile, the normalized cyclone-
relative precipitation rate increases by 10%-20% over
the storm-track region (Figs. 5i-1). Over the U.S. East
Coast region from the historical period to the late-twenty-
first century, the precipitation rate of the S-Center cyclone
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increases by 20%-30%, which is larger than the mean
of all cyclone centers. The precipitation rate increase is
smaller for the M-Center (10%-20%) and W-Center
(around 10%) cyclones along the U.S. East Coast.

The cyclone-relative precipitation amount increases
5%-25% over the east coast of North America (Fig. Se).
The S-Center cyclone has a large increase (>30%) in
precipitation amount over the east coast (Fig. 5f) be-
cause of the 20%-30% precipitation rate increase
(Fig. 5j) and the slight increase in the frequency of
S-Center cyclones (Fig. 5b). The M-Center cyclone also
has an increase (10%—-20%) in the precipitation amount
over the east coast (Fig. 5g). However, the precipitation
amount for the W-Center cyclone has little change along
the east coast (Fig. 5Sh). Although the precipitation rate
associated with W-Center cyclones increases slightly
(~10%; Fig. 51), the frequency of W-Center cyclone
decreases over the coast (Fig. 5d). Overall, the relatively
stronger cyclone centers have larger increases in both
precipitation amount and precipitation rate over ECL
region, and most of the increase in precipitation amount
comes from the S-Center and M-Center cyclones.

The local extreme precipitation rate relative to the
cyclone was also mapped back to the geographic map.
At each grid point on the map, the precipitation rate
values are recorded when that point is in a cyclone-
relative box (associated with cyclone), and the pre-
cipitation rate is at least 1 mm day ! (removing the noise
of small value). Using this dataset, the precipitation
extreme is defined using the 95th percentile for the
historical and three future periods, respectively, for each
model. Figure 6a shows the mean 95th threshold of the
10 CMIPS models at each grid point for the historical
period. There are two maxima (over 30mmday '): one
along the storm track and another to the north of the
Gulf of Mexico. The frequency of extreme precipitation
events along the U.S. East Coast is around 3 days per
cool season. During the late-twenty-first century, the
largest increase (>5mmday ', about 20%) is concen-
trated near the east coast (ECL and ECW), while the
increase within the WA region is smaller (Fig. 6b). The
results using the 99th percentile to define the extreme
events are similar. This indicates that the largest in-
crease in the precipitation extremes is just along the U.S.
East Coast.

c. Future changes of precipitation for cyclone centers
in different regions and intensity

The results in the previous section show that the rel-
atively stronger cyclones have a larger increase in pre-
cipitation, and the increases over the ECL region are
larger than the ECW and WA region. Hence, the dif-
ferent precipitation changes around cyclone centers in
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PCP Rate 95% Extreme

Al -

80W 70W 80W

F1G. 6. (a) The cyclone-relative extreme (95th percentile) pre-
cipitation rate (colors; mmday ') and the frequency (contours;
days per cool season) during historical cool seasons for the CMIP5
mean. (b) The future changes of the cyclone-relative extreme
precipitation rate (colors; mmday™!), and the contours are
percentages.

different regions and of different intensity are compared
in this section.

The composite precipitation shown relative to the
cyclone center was calculated within ECL, ECW, and
WA to explore the future change in precipitation for
different environments. The historical maximum pre-
cipitation around the ECW cyclone center is the largest
(~16mmday '), while the WA has the smallest
amounts (~10mmday '), and the ECL region pre-
cipitation (~12mmday ') is between the ECW and
WA (Figs. 7a,c,e). The ECW centers that are near the
Gulf Stream have the largest moisture content within
the warm sector. Meanwhile, there is much less moisture
content (20%-30% less at 850-250hPa) for the WA
centers offshore, since most of the WA cyclone centers
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FIG. 7. (a),(c),(e) The composite cyclone for SLP (contours; every 2 hPa) and precipitation (colors; mm day ')
around the cyclone (axes in km) during historical cool seasons for CMIP5 mean. (b),(d),(f) The future changes of
precipitation (colors; mm day ') for late-twenty-first century seasons (2069-98 minus 1979-2004); the contours are
the percentage changes. (top)—-(bottom) The cyclone centers within ECL, ECW, and WA region.

are farther north over the relatively cool ocean. The ECW, and WA cyclone centers. During the late-twenty-
difference in other factors (vertical motion, upper-level first century, the ECL cyclone centers have the largest
jet, and static stability) that impacts precipitation is less  increase in precipitation rate in terms of both the amount
than the difference in moisture content for the ECL, and percentage (Figs. 7b,d,f). The maximum increase
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around ECL cyclone centers is just northeast of the storm
center, about 3mmday ' (>20%). It indicates that this
increase is likely associated with warm frontal pre-
cipitation. For the ECW and WA cyclone centers, the
increase is smaller northeast of the center (10%-20% and
10%-13%, respectively).

Colle et al. (2013) found that unlike the ECW and WA
regions, the number of relatively deep cyclones in the
ECL region is increasing during the mid- and late-
twenty-first century. A similar result is seen in Fig. Sa.
This suggests that the future change in physical pro-
cesses for the cyclones in the ECL region may be dif-
ferent than the other regions. We calculated the
composite precipitation for the S-Center, M-Center, and
W-Center cyclones within ECL to explore the precipi-
tation differences. During the historical period, there
is a large, well-defined, comma-shaped precipitation
region for the S-Center cyclone, with the maximum
around 14mmday ' within the comma head (Fig. 8a).
The M-Center cyclone has a smaller precipitation area
and a weaker precipitation maximum around 12 mm day
(Fig. 8c). The precipitation for W-Center cyclone is
concentrated just east and northeast of the cyclone
center, with a maximum around 11 mmday ! (Fig. 8d).
There is slightly more (~12% ) moisture content over the
warm side of the W-Center cyclone than the M-Center
and S-Center cyclones (not shown), since most of these
W-Center cyclones are developing farther south in the
warmer air. However, the composite upper-level jet
(~51ms " at 250 hPa) for the S-Center cyclone is stron-
ger than the W-Center cyclone (~42ms ' at 250 hPa),
with the average storm center located near the left exit
region of the jet (not shown). This is associated with
20%—45% stronger upward motion for S-Center cy-
clones than M-Center and W-Center cyclones, with a
maximum of —0.24 Pas™' (at 700 hPa), covering a much
larger area in the S-Center cyclone. As a result, the
S-Center cyclone has more precipitation coverage and a
greater maximum than the M-Center and W-Center cy-
clones (Figs. 8a,c,e). By the late-twenty-first century, the
S-Center cyclone has a 25%-33% increase in the pre-
cipitation maximum compared to the historical period
(Fig. 8a), with a maximum rate increase of 3.3 mm day '
(Fig. 8b). The precipitation increase of M-Center cy-
clones (Fig. 8d) has a similar pattern to the S-Center
cyclone, but the increase is smaller (20%-30% ). Mean-
while, the increase for W-Center cyclone is the smallest
increase, around 15% (Fig. 8f).

A time series of the mean precipitation and the
maximum precipitation rate were calculated around
each cyclone center (black box in Fig. 1), which covers
most the precipitation area. There is a significant
increasing trend for both the mean and maximum
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precipitation for the ECL centers during twenty-first
century (Fig. 9). The maximum precipitation around the
cyclone centers within ECL increases by approximately
26% (Fig. 9a), from about 27 mm day ! in the historical
period to about 34 mmday ' at the end of twenty-first
century. The maximum precipitation increase for WA is
about 15% (Fig. 9b), while the increase for ECW is
about 21% (not shown). The increase trend of the ECL
and WA maximum precipitation in Figs. 9a and 9b, re-
spectively, is significant at 95% level using the Student’s
t test. The model spread in maximum precipitation
within all regions is very large. For example, the higher-
resolution HadGEM2-CC has significantly greater
(40%-50% ) maximum precipitation than the three low-
resolution (between 2° and 2.5°) models (GFDL-
ESM2M, IPSL-CMS5A-LR, and MIROC-ESM-CHEM)
within the WA region. The mean precipitation around
the cyclone center (Figs. 9¢,d) has a similar result within
the ECL, increasing from about 7.7mmday ' during
historical period to about 9.6mmday ' by the end of
twenty-first century (about 25%), while the increase of
WA is smaller (about 13%). The increase trend of the
ECL mean precipitation in Fig. 9c is significant at the
95% level, and the WA mean precipitation in Fig. 9d is
significant at 90% level using the Student’s ¢ test. The
model spread for mean precipitation is much smaller
than the maximum precipitation.

The future change in the distribution of the mean and
maximum precipitation for the same black box around
the cyclone was examined. For cyclone centers within
ECL during the historical period (Fig. 10a), the peak in
maximum precipitation averaged for all models ranges
from 12 to 28 mm day ' but has a long tail toward heavier
amounts. Through the twenty-first century, there is a shift
toward greater precipitation amounts (>36mmday ;
Fig. 10c). The heaviest precipitation (>56mmday ')
has a large increase, about 150% (Fig. 10e) for the cy-
clone centers within ECL. The WA, which has a nar-
rower precipitation distribution, also has a trend toward
heavier precipitation, but the increase of >56 mm day "
is only about half as large as ECL (Fig. 10f). The fu-
ture changes in the distribution of mean precipitation
around the cyclone centers are similar to the results
of maximum precipitation, having a shift toward the
heavy precipitation, but the variation among models is
relatively small.

Figure 11 shows the number of cyclone events over
the ECL region for the extreme daily precipitation rates
averaged within the black box in Fig. 1 around the cy-
clone. These extreme precipitation cyclone events are
defined using the 95th percentile of the mean pre-
cipitation rate within the black box in Fig. 1. The extreme
precipitation rate thresholds are 18.4mmday ' for
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FIG. 8. As in Fig. 7, but for the (a),(b) S-, (c),(d) M-, and (e),(f) W-Center cyclones within ECL.

1979-2004, 19.2mmday " for 2009-38, 20.6mmday ' d. Physical processes responsible for future

for 203968, and 22.5mm day ' for 2069-98 cool seasons. precipitation changes

For the historical period, over 90% of the extreme cases

are concentrated at 18-26mmday ', while during the The comparisons in section 3c confirm that the ECL
late-twenty-first century, the extreme rates shift to cyclone centers have a larger precipitation increase than
22-32mmday . Meanwhile, in the late-twenty-first century, the ECW and WA, and the S-Center cyclone has a larger
it has a longer tail toward to the most extreme values. increase than the relatively weaker centers within the
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FIG. 9. The time series (3-yr running mean) of maximum precipitation around the cyclone center from 1979 to 2098 cool seasons for the
cyclone centers within (a) ECL and (b) WA. The black line is the CMIPS ensemble mean, the red line is the linear trend of the CMIP5
mean, and the dashed lines are for the individual models. (c),(d) Asin (a),(b), but for the mean precipitation within the small black box in

Fig. 1.

ECL region. In this section, we investigate the physical
processes responsible for those differences.

In the CMIP5 RCP8.5 experiment, the surface tem-
perature increase over land is greater than over the
ocean toward the end of the twenty-first century. The
Arctic region is projected to warm the most, while
the temperature increase has a minimum in the North
Atlantic and Southern Oceans (IPCC ARS, chapter 12).
As aresult, for the cyclones over eastern North America
and the western Atlantic, the 850-hPa temperature in-
crease is larger over the northwest side of the cyclone
center (over or close to the North American continent)
and smaller over the southeast side (over or close to the
North Atlantic ocean; Fig. 12). The increase of 850-hPa
temperature over the precipitation maximum region
(hereafter P-MAX, immediately northeast of the cy-
clone center) of ECL cyclone centers is 4-4.5 K. Mean-
while, the increases for the ECW (3-3.5K) and WA
(about 3K) cyclone centers are smaller (Figs. 12a—c).
Near the cyclone center, the 850-hPa temperature in-
creases over the P-MAX of S-Center and M-Center
cyclones are very close, 4-5K, but the increase of
W-Center cyclone is around 3.5K (Figs. 12d—f). The
changes in integrated moisture content at 850-250 hPa
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(not including the lower-level moisture because data
are not available) and the temperature at that level
are consistent with the Clausius—Clapeyron relation,
approximately a 6.5% increase in moisture content per
kelvin increase in temperature. Similar to the 850-hPa
temperature increases, over the P-MAX the moisture
increase for the ECL cyclone centers (around 30%) is
larger than the ECW (around 25%) and WA (around
22%) centers (Figs. 13a—c). Within ECL, the moisture
increases over the P-MAX for S-Center (around 35%)
and M-Center (around 34%) cyclones are larger than
the increase of W-Center cyclones (around 26%;
Figs. 13d-f). These results are qualitative, consistent
with the future increases of precipitation. The precipi-
tation increase for the ECL cyclone centers is larger
than ECW and WA (Fig. 7), and the increase of
S-Center precipitation is larger than the M-Center and
W-Center cyclones within ECL (Fig. 8). Thus, the dif-
ferences in the lower-tropospheric temperature (and
moisture) increase are important to the future pre-
cipitation change for the cyclone centers in different
regions.

However, the precipitation response (% K™ !) to the
temperature increase also varies for cyclone centers in
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FIG. 10. The distribution of maximum precipitation rate around cyclone center: (a),(b) historical mean, (c),(d) future changes, and
(e),(f) percentage changes. (left) Results for cyclone centers within ECL and (right) results for centers within WA.

different regions. For example, over the P-MAX it is
approximately 6.0% K~! for the ECL, approximately
5.1%K ™! for the ECW, and approximately 3.9% K !
for the WA centers, indicating that there must be some
other factors impacting the precipitation change. We
explored the related dynamic and thermodynamic daily
averaged fields, including low-level wind speed, upper-
level jet, vertical motion, static stability, and warm
advection, which may be related to the different pre-
cipitation responses for different cyclones.
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The field with the largest difference in the future
changes for the ECL, ECW, and WA cyclone centers is
the moist static stability [calculated following Durran
and Klemp (1982) and Jiang and Doyle (2009)]. Under
climate change over the Northern Hemisphere cool
season the upper troposphere warms more than the
lower troposphere at mid-to-low latitudes (<55°N).
Meanwhile, at higher latitudes (>55°N), because of the
amplification near the surface over continental regions
at high latitudes, the low-level temperature increase is
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Precipitation Extremes (95%) _ ECL especially over the Atlantic Ocean where the surface

" 1a7e-2008 1 2005:2038 2035-2068 12005:2058 temperature increase is much smaller (Frierson 2006).

The moist static stability changes at 850-500hPa

(Fig. 14) around the ECL, ECW, and WA cyclone cen-

ters over eastern North America and the western At-

lantic are consistent with that. Overall, it becomes less

stable in the northern and western side of the cyclone

center and more stable in the south and east side. The

boundary between the negative and positive change is

close to or just over the cyclone center during the late-

twenty-first century (Fig. 14). Around the ECL cyclone

3 =z ¢ @ m @8 s =@ g e center and over the P-MAX, the stability decreases by

FEE{mosidar) 5%-10%, which is more favorable for the precipitation

FIG. 11. The distribution of precipitation extremes (95th per- increase. There is very little change for the ECW cen-

centile) around the cyclone centers (within the small black box in  ters. However, the stability increases by 5%-10% for

Fig. 1) within ECL region, for the historical and three future pe- .y A centers, which is one of the reasons responsible
riods. The error bars are plus or minus one standard deviation. L. . R R

for the weaker precipitation response in this region. We

also look at future changes in several other factors re-

larger than at upper levels at high latitude (IPCC ARS, lated to the ECL, ECW, and WA cyclone centers. For

chapter 12). As a result, the atmosphere becomes example, the upper-level jet becomes slightly stronger

less stable at the high latitudes, especially over the (~5%) for all the ECL, ECW, and WA cyclone centers

land, while it becomes more stable over midlatitudes, and has similar positions (centers are located at the left
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cyclone (axes in km) for 2069-98 cool seasons for CMIPS mean for the cyclone centers within (a) ECL, (b) ECW, and (c) WA and for the

(d) S-, (e) M-, and W-Center cyclones within ECL.

side of the jet exit). The upward motion becomes slightly
stronger (~5%) over the PMAX by the late-twenty-first
century for the mean of ECL centers, while there is very
little change for the WA centers.

The precipitation-related fields are also compared for
the S-Center, M-Center, and W-Center cyclones within
ECL. The stability around the S-Center and M-Center
cyclones has a 5%-13% decrease, while W-Center cy-
clone is close to the boundary between the negative and
positive changes (Figs. 14d—f). For the low-level wind
speed (850hPa), there is a small increase (~5%) over
the warm side of S-Center cyclone, which is favorable to
the moisture transport, while there is no change for the
M-Center cyclones and a slight decrease (~5%) for the
W-Center cyclones. For the vertical motion, there is an
approximate 17% increase in upward motion east of the
S-Center cyclone and an approximate 10% increase for
the M-Center cyclones, but this increase in upward
motion disappears for the W-Center cyclone. The
upper-level jet (250hPa) becomes slightly stronger
(~5%) for all of the S-Center, M-Center, and W-Center
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cyclones. However, the S-Center cyclones are located
just at the left side of the jet exit region, which is fa-
vorable to the upward motion, while the W-Center cy-
clones are located close to the jet center (not shown).

e. A closer look at future precipitation extremes
in the ECL region

In addition to the mean precipitation changes in pre-
vious sections, the future changes of extreme pre-
cipitation and its relation to cyclone deepening are
examined in this section. Colle et al. (2013) found that
there is an increase in the number of intense cyclones
within ECL. To explore the potential relationship be-
tween the heavier precipitation and the deeper cyclones
within ECL, we examined those cyclone cases associ-
ated with the precipitation extreme cases within ECL in
Fig. 11. During the historical period, most of these cy-
clone cases deepen quickly, with about 70% of these
centers deepening over 2hPa in 6h (Fig. 15a). During
the mid- and late-twenty-first century there is a signifi-
cant shift toward a more rapid deepening rate, ranging
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FIG. 14. As in Fig. 13, but for 850-500-hPa moist static stability (S~ X 107%).

from around —2hPa (6h) ' during the historical period
to —8 and —10hPa (6h)~ ' during the mid- and late-
twenty-first century, respectively (Fig. 15b).

The evolution of those cyclone cases associated with
extreme precipitation (95% percentile) within the ECL
region was examined backward in time 60h from the
time the cyclone was the deepest (hour 0). Figure 16
shows the ensemble-mean evolution of central pressure,
low-level temperature, precipitation, and 850-500-hPa
latent heating rate for these extreme cases. We calcu-
lated the 850-500-hPa latent heating rate following the
approach used by Emanuel et al. (1987). At 60 h before
the deepest time, the cyclone central SLP during the
future periods is very close to or slightly larger (2069-98)
than the SLP in the historical period (Figs. 16c,d);
however, the increases of precipitation and LHR al-
ready exist. During the 2039-68 and 2069-98 periods,
the center deepens more quickly for most of the 60-h
development, especially for the mid- and late-twenty-
first century (Figs. 16¢c,d). Meanwhile, there is a 5%-—
20% decrease in the surface temperature gradient
(Figs. 16a,b), a 10%-30% increase in precipitation
(Figs. 16e,f), and a 10%-25% increase in the latent
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heating rate (Figs. 16g,h). Although the low-level baro-
clinicity is decreasing, those cyclone cases associated
with the extreme precipitation within the ECL region
are becoming deeper. Therefore, it is hypothesized
that the latent heat release from precipitation compen-
sates the loss in baroclinicity, thus resulting in cyclone
deepening.

To further examine this hypothesis, the SLP, pre-
cipitation, meridional moisture flux (850-250hPa),
warm advection (850hPa), surface temperature gradi-
ent, Eady growth rate (850-500 hPa), and upper-level jet
(250 hPa) around the cyclone center were calculated for
each time step. The fields at —12h (12h before the
deepest center within the ECL) are discussed, which is
when the precipitation is the heaviest (Fig. 16e).

Figure 17 shows the historical-mean fields at —12h
when the cyclone is relatively deep (993 hPa), with the
maximum precipitation (>24mmday ') northeast of
the cyclone center (Fig. 17a). There is strong moisture
flux (850-250hPa) over the warm sector part of the
cyclone (Fig. 17b) and prominent warm advection
(850hPa) to the northeast of the cyclone center
(Fig. 17¢). In addition, the cyclone center is located in a
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FIG. 15. The distribution of cyclone deepening rate for the ECL cyclone centers associated with
the extreme precipitation for the (a) historical mean and (b) future changes.

region of strong, upper-level divergence near the left
side of a cyclonic jet exit region and the right entrance of
an anticyclonic jet (Fig. 17d). Meanwhile, the surface
temperature gradient and Eady growth rate (850-
500 hPa) are strong over the northeast side of the center
(Figs. 17e.f). All of these conditions are conducive to the
heavy precipitation and the cyclone developing.
During late-twenty-first century at —12h, the baro-
clinicity decreases around the cyclone center (Figs. 18e,f),
with the surface temperature gradient decreasing by
10%-20% and the 850-500-hPa Eady growth rate de-
creasing by about 5%. There is no significant change
for the warm advection around the cyclone center
(Fig. 18c). Meanwhile, there is a large increase (around
30%) in the moisture flux over the warm side of the
cyclone (Fig. 18b), which is mainly due to the local
moisture increase and enhanced by a slightly stronger
low-level wind speed. There is also a small increase in
upper-level jet (~10%) over the south side of the jet,
somewhat far away from the cyclone center (Fig. 18d).
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As a result of these changes, the mean cyclone central
SLP is about 2hPa deeper at the deepest point within
the ECL for the late-twenty-first century, while the
precipitation increases by 20%-30% over the warm
side of cyclone center (Fig. 18a). Given that the baro-
clinicity is decreasing and other fields do not exhibit
significant changes, this provides more evidence that
deeper future cyclones are the result of an increase in
latent heat release from precipitation.

4. Conclusions and discussion

This study explored the future change in precipitation
associated with extratropical cyclones during the cool
season over eastern North America and the western
Atlantic using the historical and future (RCP8.5) ex-
periments from 10 CMIPS models. We also compared
the future precipitation changes around cyclone centers
within the ECL, ECW, and WA regions in Fig. 2 as well
as the S-Center (<990 hPa), M-Center (990-1005 hPa),
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and W-Center (>1005hPa) cyclones within the ECL, 1) The CMIP5 models with better performance in

using cyclone-relative composites where possible. simulating extratropical cyclones tend to have smaller
Last, we examined the evolution of cyclone deepening mean absolute error in mean precipitation during
within the ECL for the precipitation extreme (>95th the cool season over eastern North America and
percentile) events for the historical and future periods. the western North Atlantic, although there are some
The major findings of this study are as follows: exceptions. Overall, the ensemble mean of the 10
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CMIP5 models has a smaller mean absolute error 90% at relatively higher latitudes (>40°N) to the total
than individual models. precipitation amount during the cool season over east-
2) The cyclone-relative precipitation contributes from ern North America and the western Atlantic. During
60% at relatively lower latitudes (~25°N) to over the late-twenty-first century, most of the precipitation
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FIG. 18. As in Fig. 17, but for the future changes in late-twenty-first century (2069-98). The contours are the
percentage of the changes.

amount increase (Figs. 5e-h) comes from the S-Center 3) Comparing cyclone centers within different regions,

and M-Center cyclones because of the large pre- the ECL cyclone centers exhibit the largest increase
cipitation rate increase (Figs. 5i-1) associated with each in both absolute value and percentage increases for
cyclone center and a slight increase in the cyclone cyclone-relative precipitation rate over the P-MAX,
center density (Fig. Sa—d) over the land, while the in- while the WA centers have the smallest increase
crease of the W-Center precipitation rate is cancelled (10%-13%) during the late-twenty-first century. The
by the decrease of weak cyclone frequency. ECL centers have the largest low-level temperature
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(and moisture) increase, a 5%-10% decrease in
static stability around the center, and a small increase
(~5%) in upward motion. Meanwhile, the WA
centers have the smallest low-level temperature
(and moisture) increase and an increase (5%-10%)
in static stability over the warm side of the cyclone.
The differences of other factors, such as the upper-
level jet, are relatively small.

4) For the cyclone centers within the ECL region, the
S-Center cyclones have a large increase (about 30%)
in precipitation rate over the P-MAX, but the in-
crease for the W-Center cyclone is much smaller
(about 15%). The increase of low-level temperature
(and therefore moisture) is slightly larger for
the S-Center than the W-Center cyclone over the
P-MAX, since the S-Center cyclone tends to be
farther north where the low-level temperature in-
crease is larger. Static stability decreases around the
S-Center cyclone (5%-13%), but there is no change
for the W-Center cyclone. Meanwhile, there is an
(~17%) increase in the upward motion and a small
increase (~5%) in the 850-hPa wind speed over the
warm side of the S-Center cyclone, which is favorable
to the poleward moisture transport (not shown). For
the W-Center cyclone, there is no change for the
upward motion and a small decrease (~5%) for the
850-hPa wind speed.

S) There is a significant shift toward heavier precipita-
tion in the distribution of the cyclone-relative pre-
cipitation during the twenty-first century, especially
for the ECL region. The cyclone cases associated
with extreme precipitation within ECL exhibit a
20%-30% increase in the precipitation rate and a
10%-25% increase in the latent heating rate over the
warm frontal region. The increases of precipitation
and latent heating rate precede the increase of
cyclone rapid deepening in the future periods.
Given a 10%-20% decrease in surface temperature
gradient and an approximate 5% decrease in 850-
500-hPa Eady growth rate, the stronger latent heat
release over the warm side of the cyclone from
heavier precipitation plays an important role in
cyclone rapid deepening for the extreme cyclone
cases.

This study focused on the precipitation associated
with extratropical cyclones during cool season and
compared the changes for cyclones in three different
regions (ECL, ECW, and WA) over eastern North
America and the western Atlantic. Although the tem-
perature increases across all of the three regions, there
are large regional differences in lower-tropospheric
temperature and moisture changes, which cause large
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variance in the precipitation changes associated with the
cyclone centers in those regions. The future pre-
cipitation change also varies for the cyclones in different
intensity within the same ECL region. During the
twenty-first century, the S-Center cyclone located over
the relatively higher latitudes has large, low-level tem-
perature (and moisture) increase and a decrease in static
stability. As a result, the S-Center cyclone has a larger
precipitation increase than the M-Center and W-Center
cyclones and enhances the feedback between the pre-
cipitation increase and cyclone deepening.

Although studies suggest a decrease in extratropical
cyclones over eastern North America and the western
Atlantic because of the baroclinicity decrease under
global warming (Chang 2013; Zappa et al. 2013); the
results in this study indicate that over the ECL region,
the latent heat will become more important to the rapid
deepening of cyclones in the future. Over the ECL re-
gion, the precipitation increase is larger than the ECW
and WA region mainly because of the larger low-level
temperature (and moisture) increase and the decrease in
static stability. Given these favorable environmental
conditions within this ECL region, some intense cy-
clones accompanied with heavy precipitation will en-
hance the strong positive feedback between the latent
heat release from precipitation and the cyclone deep-
ening, bringing more rapid deepening rate and extreme
intense cyclone cases. This is consistent with the feed-
back mechanism demonstrated by some previous stud-
ies (Lackmann and Gyakum,1999; Lackmann 2002). In
the cyclone cases associated with the extreme pre-
cipitation within the ECL region, the future increases in
precipitation and latent heating rate precede the more
rapid cyclone deepening in the mid- and late-twenty-first
century. Given the decrease of low-level baroclinicity,
the stronger latent heat release will play an important
role in the cyclone rapid deepening in the future period.
Marciano et al. (2015) also conclude that the enhanced
latent heat release is responsible for this regional in-
crease in future cyclone intensity based on their WRF
simulations of 10 “Miller-A” cyclones. More studies are
needed to improve our understanding of the detailed
impacts of enhanced latent heat release on a broad
distribution of extratropical cyclones under climate
change. Willison et al. (2013) demonstrate that the
feedback between latent heat release and cyclone
deepening in the model is highly sensitive to the hori-
zontal resolution. Because of the limitations of resolving
mesoscale latent heat processes in current, coarse-
resolution global climate models, it is necessary to in-
volve more experiments using high-resolution models,
which can simulate the diabatic processes in cyclones
more realistically.
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